GABAergic and glutamatergic neurons modulate inhibitory and excitatory networks in the CNS, and their impairment may cause neurological and psychiatric disorders. Thus, understanding the molecular mechanisms that control neurotransmitter phenotype and identity of excitatory and inhibitory progenitors has considerable relevance. Here we investigated the consequence of Otx2 (orthodenticle homolog) ablation in glutamatergic progenitors of the dorsal thalamus (referred to as thalamus). We report that Otx2 is cellautonomously required in these progenitors to repress GABAergic differentiation. Our data indicate that Otx2 may prevent GABAergic fate switch by repressing the basic helix-loop-helix gene Mash1 (mammalian achaete-schute homolog) in progenitors expressing Ngn2 (neurogenin homolog). The lack of Otx2 also resulted in the activation of Pax3 (paired box gene), Pax7, and Lim1 (Lin-11/Isl-1/Mec-3), three genes normally coexpressed with Mash1 and GABAergic markers in the pretectum, thus suggesting that thalamic progenitors lacking Otx2 exhibit marker similarities with those of the pretectum. Furthermore, Otx2 ablation gave rise to a marked increase in proliferating activity of thalamic progenitors and the formation of hyperplastic cell masses. Thus, this study provides evidence for a novel and crucial role of Otx2 in the molecular mechanism by which identity and fate of glutamatergic precursors are established in the thalamus. Our data also support the concept that proper assignment of identity and fate of neuronal precursors occurs through the suppression of alternative differentiation programs.
Introduction
Regionalization and assignment of neuronal fates are complex events determined by a genetic cascade of interactions conferring a progressive restriction of cell type (Wolpert, 1969; Lumsden and Krumlauf, 1996; Rubenstein et al., 1998; Briscoe et al., 2000; Jessell, 2000; Briscoe and Ericson, 2001) . In this process, regionally restricted identities are thought to be maintained through the formation of compartments whose positional identity is ensured by a polyclonal cell population with restricted cell lineages (Lumsden, 1990; Figdor and Stern, 1993) . These events are controlled by inducing signals and depend on the responding ability of target cells (Ye et al., 1998; Edlund and Jessell, 1999; Hynes and Rosenthal, 1999; Jessell, 2000; Agarwala et al., 2001; Briscoe and Ericson, 2001; Wurst and Bally-Cuif, 2001; Kiecker and Lumsden, 2004) . Patterning signals are converted into positional identity by specific transcription factors whose regionally restricted expression provides neuronal precursors with a precise molecular identity. On this basis, neurons with distinct neurotransmitter phenotypes originate from progenitors located in restricted areas and characterized by a typical molecular code of selector genes (Edlund and Jessell, 1999; Jessell, 2000; Briscoe and Ericson, 2001) .
Excitatory and inhibitory neurons, which represent the two major neuronal cell types, are functionally defined by the mutually exclusive expression of glutamate and GABA neurotransmitters, are generated in different areas along the CNS, and are involved in the pathophysiology of several neurological and psychiatric disorders (Bennett and Balcar, 1999) . In particular, the GABAergic and glutamatergic neurons of the forebrain arise from different pools of progenitors. GABAergic neurons are generated principally in the basal telencephalon, prethalamus, and pretectum, whereas glutamatergic neurons arise from the dorsal telencephalon and dorsal thalamus (referred to as thalamus) (Luskin et al., 1993; Mione et al., 1994; Puelles and Rubenstein, 2003) . However, the genetic program that controls the generation of GABAergic and glutamatergic neurons, the choice between the inhibitory and excitatory fate and the molecular basis of their mutually exclusive activation, is far from being fully understood.
Nevertheless, the functional analysis of several transcription factors expressed selectively in GABAergic or glutamatergic progenitors in the forebrain has suggested the existence of a genetic program suppressing GABAergic differentiation in glutamatergic progenitors (Casarosa et al., 1999; Fode et al., 2000; Toresson et al., 2000; Muzio et al., 2002; Parras et al., 2002; Miyoshi et al., 2004; Schuurmans et al., 2004) .
Moreover in the spinal cord, it has been shown recently that the transcription factors Tlx1 and Tlx3 operate as postmitotic selectors required to promote glutamatergic fate and repress GABAergic differentiation (Cheng et al., 2004) .
Otx1 and Otx2 (orthodenticle homologs), two homeodomain transcription factors, are required for regionalization and patterning of forebrain and midbrain (Acampora and Simeone, 1999; Simeone et al., 2002; Puelles et al., , 2004 Simeone, 2005) . In this study, we investigated through conditional mutagenesis the functional consequence of Otx2 inactivation in progenitors of the thalamus that are programmed normally to generate glutamatergic neurons. We show that Otx2 ablation in these progenitors results in the loss of glutamatergic differentiation, switch to GABAergic fate, and increased proliferating activity.
Thus, these findings indicate that, in the thalamus, Otx2 is required to control identity and fate of glutamatergic precursors by suppressing the GABAergic differentiation.
Materials and Methods

Generation of mouse mutants and genotyping. The generation of Otx1
cre/ϩ and Otx2 flox/ϩ mouse strains as well as their genotyping procedure have been reported previously in detail .
In situ hybridization and immunohistochemistry. In situ hybridization was performed as described previously (Simeone, 1999) . Probes for Otx2⌬, Cre (Enterobacteria phage P1, cyclization recombinase), Gli1 (glioma-associated oncogene homolog), Gli2, Gli3, Smo (smoothened homolog), Ptch1 (patched homolog), Lim1 (Lin-11/Isl-1/Mec-3), Pax3 (paired box gene), Pax7, Dlx1 (distal-less homeobox), Dlx5, Emx1 (empty spiracles homolog), Tbr1 (T-box brain gene), Nkx2.1 (NK2 transcription factor-related), Nkx2.2, Nkx6.1, Gbx2 (gastrulation brain homeobox), Shh (sonic hedgehog), Fgf8 (fibroblast growth factor), Wnt1 (wingless-type MMTV integration site family), Wnt3a, Bmp2 (bone morphogenic protein), Bmp6, Isl1 (islet), Foxa2 (forkhead box), Msx1 (msh homeobox homolog), VGLUT2 (vesicular glutamate transporter), Gad1 (glutamic acid decarboxylase), TH (tyrosine hydroxylase), DBH (dopamine ␤-hydroxylase), and 5-HT (5-hydroxytryptamine) have been described previously (Puelles et al., , 2004 or correspond to PCR fragments ranging between 0.5 and 1 kb. For immunohistochemistry, only sections from wax-embedded embryos were used. Antigens were unmasked by four rounds of microwave boiling (4 min/boiling) at 700 W in sodium citrate buffer (10 mM), pH 6 (Shi et al., 1991 (Shi et al., , 1997 (Shi et al., , 2001 , and one or two primary antibodies, diluted at the appropriate concentration in blocking solution, were applied to the sections and left overnight at room temperature. After washing in PBS, secondary antibodies were applied for 60 min, and then the slides were PBS washed and processed for carbazole or DAB staining or, in the case of fluorescent secondary antibodies, for their observation and image capture.
For multiple rounds of fluorescent immunohistochemistry, we set up a modification of the common procedure described above that allowed us to detect four or more antibodies in the cells of the same section. This modification aims at detecting more genes in the same cell to define unambiguously a complex molecular code, if any. Based on our modification, after the first round of fluorescent immunohistochemistry performed as described above, the sections of interest were selected and their images captured; then the slides were boiled again four times in sodium citrate buffer to remove primary and secondary antibodies, checked for lack of fluorescence, and probed with a second pair of primary antibodies. Then appropriate secondary antibodies were applied, and the images of the same sections selected in the first round were captured for the second pair of antibodies. For each of the following rounds, if required, the sections were boiled again four times, checked for the lack of fluorescence, and processed as above described. Although this procedure has been used up to five sequential rounds for a maximum of 10 different primary antibodies, in this study, sections were used for a maximum of two sequential rounds. In this modified procedure, lack of fluorescence indicated that secondary antibodies, but not necessarily also the primary antibodies, had been removed. To rule out this possibility, control slides immunostained with the same primary and secondary antibodies were boiled and hybridized in parallel only with secondary antibodies to check the absence of staining and, thereby, the absence of residual primary antibodies. We also tested that antibodies used in the first round efficiently worked after the last round of immunohistochemistry, thus proving that, during the procedure, antigens were not severely affected. Importantly, we preselected the primary antibodies for their efficiency and used those with the highest antigen affinity, and thereby more difficult to be removed, in the last round of immunohistochemistry [e.g., ␣-bromodeoxyuridine (␣BrdU)].
Antibodies. The rabbit antibodies were directed against Otx2 (1:5000; G. Corte, National Institute for Cancer Research, Genova, Italy), Pax3 (1:100; Santa Cruz Biotechnology), the sheep antibody was directed against BrdU (1:200; Abcam, Cambridge, MA), and the guinea pig antibody was directed against VGLUT2 (1:500; Chemicon).
Analysis of the cell patches: size, location, and expression pattern. For the anatomo-histological analysis aimed at studying size and location of the patches, we analyzed six conditional mutants at embryonic day 12.5 (E12.5), five at E13.5, and six at E16.5. The same number of wild-type and Otx1 cre/ϩ ; Otx2 ϩ/Ϫ control embryos was analyzed at the same stages. Embryos were wax embedded, sectioned, and Nissl stained. Every fourth serial section for E12.5 and E13.5 embryos and every sixth serial section for E16.5 embryos were selected and analyzed for the size and location of cell patches. Three different sizes were arbitrarily defined: the small size corresponded to the cell patches that were one-half or less of those with intermediate size, which were, in turn, between one-half and one-fourth of those with the large size.
For in situ hybridization analysis with radiolabeled probes, a total of 15 conditional mutant embryos at E12.5 and 11 at E16.5 were analyzed together with a corresponding number of Otx1 cre/ϩ ; Otx2 ϩ/Ϫ control embryos.
For the analysis of cell patches in terms of expression pattern and relative distribution of Lim1 ϩ and Pax3/7 ϩ -Otx2 Ϫ cells, six conditional mutants were studied at E12.5 and E16.5, respectively. After the immunostaining with Otx2, Pax3/7, and Lim1, 115 patches at E12.5 and 105 at E16.5 were scored to inspect whether the same general pattern of expression reported in Figure 4 was detected in all of the patches. For numerical analysis, 80 patches immunostained for Lim1 and Pax3/7 were selected and analyzed at E12.5 and E16.5, respectively. Images of these patches were captured, cells were counted, and the ratio between Lim1 ϩ and Pax3/7 ϩ -Otx2 Ϫ cells was determined. Cell proliferation experiments and cell counting. For short-pulse exper-iments, pregnant females at E10.5, E12.5, E13.5, or E16.5 were killed 60 min after intraperitoneal injection with BrdU solution (50 mg/kg body weight). For long-pulse experiments, BrdU solution was administered in four sequential (every 2 h from E13.3 to E13.6) intraperitoneal injections to pregnant females that were killed at E16.5. To determine the numerical increase of BrdU ϩ and Ph-H3 ϩ cells in conditional mutants at E13.5, sections of patches containing the ventricle-like cavity similar to that shown in Figure 5 , K, O, and S, were selected from five embryos. The area selected for BrdU ϩ and Ph-H3 ϩ cell counting was a rectangular region having as the major side the neuroepithelial border facing the ventriclelike cavity of the patches. A total of 10 patches of similar size were analyzed for a total of 20 sections. For Otx1 cre/ϩ ; Otx2 ϩ/Ϫ control embryos, an identical rectangular region with the major side corresponding to the neuroepithelial border facing the ventricle of the thalamus was selected. Three sections per each control embryo for a total of five embryos were analyzed. After a BrdU pulse of 60 min, the ratio between the mean of the BrdU ϩ cell number detected in the patches and that of control embryos gives a numerical estimation of the DNA synthesizing activity (S phase). The same procedure was used for Ph-H3 ϩ cells to compare the mitotic activity (M phase) of the patches with that of control embryos.
Results
Otx2 inactivation in the thalamus of
Otx1
cre/ϩ ; Otx2 flox/Ϫ mutants To study the role of Otx2 in the differentiation of thalamic progenitors, Otx2 was inactivated by Otx1-driven Cre recombinase activity. The generation of the Otx1 cre and Otx2 flox mouse models has been reported previously .
To define the areas of coexpression, we compared the distribution of Otx1, Cre, and Otx2 transcripts in the thalamus of wild-type and Otx1 cre/ϩ mutants. No difference in expression pattern was detected between Otx1 and Cre in Otx1 cre/ϩ embryos (data not shown). In these embryos, Otx1, Cre, and Otx2 were coexpressed in the thalamic neuroepithelium at E9.5, E10.5, and E12.5 (data not shown) (Simeone et al., 1992 (Simeone et al., , 1993 . In particular, at E12.5, their coexpression in the thalamus was primarily restricted to the ventricular and subventricular zones (Simeone et al., 1993 ) (data not shown). Otx2 inactivation in this territory was monitored by analyzing the distribution of the Otx2 protein and that of the Otx2 unfloxed transcripts using the Otx2 antibody and the Otx2⌬ probe, respectively. The Otx2⌬ probe detected only Otx2 unfloxed transcripts and has been described previously (Puelles et al., , 2004 . This analysis showed that, in Otx1 cre/ϩ ; Otx2 flox/Ϫ mutants, Otx2 was first inactivated at E10.5 in restricted groups of neuronal precursors ( Fig. 1 A, B, arrows) , which, at E12.5, increased in number and showed heterogeneity in size (Fig. 1C ,D, arrows and data not shown). Therefore, as reported previously for the midbrain , Otx1-driven Cre recombinase showed a limited efficiency also in the thalamus, in which this is reflected in a mosaic-like inactivation of Otx2 first detected at E10.5.
Anatomical and histological analysis of the thalamus
Otx1
cre/ϩ ; Otx2 flox/Ϫ mice died at birth . Morphological analysis of the thalamus of conditional mutants showed no obvious impairments before E11 (data not shown), although severe abnormalities characterized by the presence of invaginations and swellings of the neuroepithelium were revealed at E12.5 (Fig. 2 B) . At E13.5, cell masses of irregular size were numerous, and some of them reached a remarkable size, exhibited a ventricle-like cavity, and resembled patches of proliferating neuroepithelium (Fig. 2 D) . At late gestation, cell masses were randomly distributed within the mantle zone of the thalamus (Fig. 2 F) , where the routes of axonal tracts were heavily affected as revealed by neurofilament staining (Fig. 2 H) . This abnormality may account for the lethality of conditional mutants. None of these impairments was detected in Otx1 cre/ϩ ; Otx2 ϩ/Ϫ control embryos (Fig. 2) . We also noted that these cell masses exhibited a size variability quite pronounced. To better describe this aspect, we studied in detail E16.5 Otx1 cre/ϩ ; Otx2 flox/Ϫ mutants. Approximately 20% of cell masses scored at E16.5 belonged to the group with large size (Fig. 2 F) . In the same embryos, the majority of the cell masses (ϳ55%) was of intermediate size, which means in our arbitrary scale between one-half and one-fourth of those with large size. The residual patches (ϳ25%) detected in these embryos showed a small size, corresponding to one-half or less of those classified as intermediate in size (Fig. 2 F) . In the thalamus of the E16.5 scored embryos, we detected in total 14 -28 cell masses. Regarding the location, cell masses detected at E12.5 and E13.5 were identified within the subventricular zone or at the boundary between the subventricular and the mantle zone, whereas those of large size were prevalently detected in the mantle zone ( Fig. 2 B, D) . At E16.5, we only sporadically detected cell masses close to the thalamic ventricular neuroepithelium, with the large majority of the patches located in the mantle zone (Fig.  2 F) . Finally, we also noted that large patches are sometimes generated by the fusion of multiple cell masses. We interpreted this heterogeneity in size and location as a consequence of the extent and stage of Otx2 inactivation. Thus, large cell masses may reflect an early inactivation of Otx2 (e.g., at E10.5) in a relatively large number of progenitors, whereas small cell masses close to the ventricle may be caused by a late inactivation (e.g., E12.5 and/or E13.5) of Otx2 in few progenitors.
Lack of Otx2 affects cell identity
To investigate whether the lack of Otx2 generates abnormalities in cell identity, we first analyzed the expression of a number of molecular markers at E12.5 and E16.5. These included components of the Shh pathway that are normally expressed in the proliferating neuroepithelium of the thalamus such as Gli1, Gli2, Gli3, Smo, and Ptch1, and genes transcribed in territories adjacent to the thalamus, such as Pax3, Pax7, and Lim1 in the pretectum, Dlx1 and Dlx5 in the prethalamus, or expressed in the mantle zone of the thalamus such as Gbx2. Moreover, we monitored the expression of Isl1, Foxa2 [also known as Hnf3␤ (hepatocyte nuclear factor)], Msx1, three members of the Nkx gene family such as Nkx2.1, Nkx2.2, and Nkx6.1, two pallial markers such as Tbr1 and Emx1, and genes encoding signaling molecules such as Shh, Fgf8, Wnt1, Wnt3a, Bmp2, and Bmp6. At E12.5 and E16.5 in conditional mutants, no expression was detected in the patches for Dlx1, Dlx5, Tbr1, Emx1, Msx1, Foxa2, Isl1 , and Nkx genes or any of the signaling molecules mentioned above (data not shown). For example, Shh was normally expressed in the forebrain and, in particular, its expression in correspondence of the zona limitans intrathalamica (zli) was unaffected (data not shown). However, Gli1, Gli2, Gli3, Ptch1, and Smo were transcribed in both the unaffected neuroepithelium and the patches (Fig. 3A-J ) , suggesting that the patches contain cells sharing similarity with progenitors normally located in the subventricular and ventricular zones.
Interestingly, abundant expression of Lim1, Pax3, and Pax7 and a complementary loss of Gbx2 was detected in the patches (Fig. 3K-R 
, and Gbx2 (N, R) probes. Note that Gbx2 is lost in the patches in which the expression of Lim1, Pax3, and Pax7 is activated. For control embryos, the sections at E12.5 from A-D and from E-N are two different groups of adjacent sections; similarly, also for the conditional mutant, the sections at E12.5 from A-D and from E-N are two groups of adjacent sections belonging to two different embryos. Th, Thalamus.
3K-R). Thus, the lack of Otx2 generates dramatic transcriptional abnormalities in the patches such as the activation of genes not normally transcribed in the thalamus and the repression of Gbx2, normally transcribed in the mantle zone of the thalamus. Noteworthy, Lim1, Pax3, and Pax7 are normally coexpressed in the pretectum (data not shown) (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
Otx2 is required to suppress the generation of multiple cell types
To assess the molecular identity at the single-cell level and the timing of cell-type generation in the patches, a combined analysis of the distribution of Otx2, Pax3, Pax7, and Lim1 proteins was performed at E10.5, E12.5, E13.5, and E16.5. To this aim, we developed a procedure allowing the comparison of several antibodies on the same section to attribute a complex molecular code, if any, to the same cell (see Materials and Methods). For Pax3 and Pax7, we used an antibody recognizing both proteins because two antibodies specifically directed against Pax3 or Pax7 showed full colocalization (data not shown). At E10.5, all of the progenitors lacking Otx2 exhibited a strong activation of Pax3/7 (Fig. 4 A) , whereas no expression was detected for Lim1 (Fig. 4 B) .
At E12.5 and E13.5 (data not shown), Lim1 ϩ cells were detected preferentially on the lateral edge of the Pax3/7 ϩ -Otx2 Ϫ domain ( Fig. 4C-E) . A few of these were also Pax3/7 ϩ (Fig. 4 D) , suggesting that these cells may represent a transitory population of Pax3/7 ϩ -Otx2 Ϫ differentiating precursors (see below). At E16.5, the patches reached a remarkable size, and, as at the earlier stages, the Pax3/7 ϩ cells were restricted to the inner region of the patches (Fig. 4 F) whereas Lim1 ϩ cells were distributed in the outer region of the patches (Fig. 4 F, G) . Then, we studied whether qualitative variations were detected in the patches for Pax3/7 and Lim1 expression. To this aim, we analyzed 115 patches at E12.5 and 105 at E16.5. In all of these patches, the same pattern of gene expression reported in Figure 4 Ϫ cells was between 25 and 45% of the Lim1 ϩ cells at E12.5 and between 10 and 25% at E16.5. Noteworthy, in 10% (n ϭ 8) of the patches analyzed at E12.5 and in 6% (n ϭ 5) of those scored at E16.5, this proportion between Pax3/7 ϩ -Otx2 Ϫ and Lim1 ϩ cells changed to ϳ65% at E12.5 and 40% at E16.5.
In summary, these data indicate that lack of Otx2 in a restricted number of progenitors of the thalamus affects their normal identity, as revealed by the early derepression of Pax3/7, and is subsequently reflected in the appearance of Lim1 ϩ cells.
Proliferation and cell fate analysis
Previous experiments did not prove whether (1) Pax3/7 ϩ -Otx2 Ϫ cells corresponded to proliferating progenitors, (2) proliferation in the patches was abnormal, and (3) Lim1 ϩ cells represented the postmitotic progeny of the Pax3/7 ϩ -Otx2 Ϫ precursors.
To address these issues, we first studied cell proliferation by providing a short pulse (60 min) of BrdU to pregnant females at E10.5, E12.5, E13.5, and E16.5.
In wild-type (data not shown) and Otx1 cre/ϩ ; Otx2 ϩ/Ϫ control embryos, BrdU ϩ cells were detected at E10.5 throughout the entire neuroepithelium and, subsequently, within the ventricular and subventricular zones, in which they gradually decreased in number and became sporadic at E16.5 (Fig. 5A-D) . At E10.5, no obvious difference in the number of BrdU ϩ cells was observed between the Pax3/7 ϩ -Otx2 Ϫ and the unaffected neuroepithelium of conditional mutants or control embryos (Fig. 5 A, I,M ) ; conversely, at E12.5 and particularly at E13.5 the number and density of BrdU ϩ cells within the Pax3/7 ϩ -Otx2 Ϫ patches was remarkably increased (Fig. 5 J, K, N, O) when compared with the unaffected adjacent neuroepithelium (Fig. 5 J, K, N , O, yellow arrow) or with control embryos (Fig. 5 B, C) . At E16.5, the number of BrdU ϩ cells diminished but appeared reproducibly higher in the patches of conditional mutants (Fig. 5 L, P) . Noteworthy, between E12 and E14, the size of BrdU ϩ -Pax3/7 ϩ cell masses greatly expanded, sometimes reaching the lateralmost edge of the thalamus (Fig. 5 J, K ) .
Next, to assess whether the increased number of precursors in S phase was reflected in a corresponding increase in mitotic activity, we determined the number of Ph-H3-positive cells. In conditional mutants at E10.5, Ph-H3 ϩ cells were detected in the Pax3/7 ϩ patches (Fig. 5Q , white arrows), and, as for the BrdU ϩ cells, their number and density were approximately comparable with those of control embryos (Fig. 5E ) or the unaffected neuroepithelium of conditional mutants (Fig. 5Q, yellow arrows) . However, at E10.5, the position of Ph-H3 ϩ cells was abnormal in correspondence of Pax3/7 ϩ patches, suggesting an early alteration in the proliferation pattern. At E12.5 and E13.5, the number of Ph-H3 ϩ cells was clearly increased along the ventricle-like cavity of the patches (Fig. 5F ,G and compare yellow and white arrows in R,S). At E16.5, the number of Ph-H3 ϩ cells decreased but was still reproducibly higher in the patches (Fig. 5, compare H, T) .
Cell counting at E13.5 (see Materials and Methods) showed that, compared with Otx1 cre/ϩ ; Otx2 ϩ/Ϫ control embryos, the number of BrdU ϩ and Ph-H3 ϩ cells detected in the patches was increased by 1.8-and 1.7-fold, respectively, whereas the ratio between Ph-H3 ϩ and BrdU ϩ cells in control embryos (0.11) and in the patches (0.12) was comparable. This indicates that cell cycle progression from the S to the M phase is not impaired.
Therefore, these findings collectively support the possibility that Otx2, directly or indirectly, controls the number of proliferating progenitors by regulating their postmitotic transition between E12 and E14. Failure in this control may result in an increase of Otx2
Ϫ progenitors reentering the cell cycle and may account for local overgrowth generating neuroepithelial invaginations and the subsequent incorporation of cell masses within the mantle zone.
To assess whether Lim1 ϩ neurons represented the postmitotic progeny of Pax3/ 7 ϩ -Otx2 Ϫ progenitors, we first studied whether Lim1 ϩ cells were also BrdU ϩ in short-pulse experiments. In these experiments, Lim1 ϩ cells did not show BrdU staining (data not shown), thus indicating that they correspond to postmitotic neurons. Then, we performed a birthdating experiment by providing a long pulse of BrdU at E13.3 (see Materials and Methods) to pregnant females and analyzing at E16.5 whether postmitotic neurons BrdU labeled at E13.3 expressed Lim1. In this experiment, BrdU ϩ cells appeared at E16.5 homogeneously distributed in a ring-like shape in the patches and, importantly, did not mix with BrdU ϩ cells generated in the unaffected ventricular zone (Fig. 5U ) . Coimmunostaining experiments showed that a relevant number of Lim1 ϩ postmitotic neurons were also BrdU ϩ (Fig. 5V,W (Fig. 5V,W, arrowheads) , it is conceivable that these cells represent an additional population of postmitotic neurons unidentified by our markers and generated by the Pax3/7 ϩ -Otx2 Ϫ progenitors.
Lack of Otx2 induces GABAergic differentiation in glutamatergic progenitors
We next analyzed whether the lack of Otx2 caused abnormalities in terminal differentiation. Because the thalamus is a relevant source of glutamatergic neurons, we first tested whether this major fate was retained in the patches by studying the expression of the vesicular glutamate transporter VGLUT2 (Cheng et al., 2004; Fremeau et al., 2004; Schuurmans et al., 2004) . In contrast to control embryos, VGLUT2 transcripts were not detected in the patches (Fig. 6 A,  arrow) .
Then we studied whether the lack of Otx2 was reflected in a GABAergic fate switch by using specific markers such as glutamic acid decarboxylase Gad1 (encoding GAD67) and GABA. Strikingly, abundant transcription of Gad1 and numerous GABA ϩ cells were identified in the patches (Fig. 6 B, C, arrow) . Detailed inspection at the single-cell level, in E13.5 (data not shown) and E16.5 embryos, showed that all of the GABA ϩ cells were VGLUT2 Ϫ (Fig. 6 D) . Moreover, to reinforce this finding and to examine whether GABA ϩ cells corresponded to postmitotic neurons belonging to the patches, we performed BrdU long-pulse experiments similar to those shown previously for Lim1 (Fig. 5) . In this way, we assessed whether at E16.5 BrdU ϩ cells labeled at E13.3 expressed GABA and/or VGLUT2. This experiment showed that a relevant percentage of BrdU ϩ -GABA ϩ neurons was identified (Fig. 6 E) , whereas no neurons coexpressing VGLUT2 and BrdU were detected (Fig. 6 F, G) . This indicates that glutamatergic fate is totally abolished in the postmitotic progeny of the Otx2 Ϫ progenitors. Comparison of GABA ϩ neurons with those expressing Lim1 showed that all of the GABA ϩ cells were Lim1 ϩ (Fig. 6 H, I ), and Pax3/7 ϩ progenitors were GABA Ϫ (Fig.  6 J, K ) .
To investigate whether postmitotic cells in the patches expressed markers of additional cell fates, we analyzed the distribu- tion of DBH and TH for catecholaminergic fate and 5-HT for serotoninergic fate. In these experiments, no expression for these markers was detected.
These data indicate that Otx2 is required in glutamatergic progenitors of the thalamus to suppress the GABAergic differentiation program. In this context, the finding that all of the GABAergic neurons are Lim1 ϩ suggests that Lim1 might represent a postmitotic selector of the GABAergic differentiation program. Altogether, our data also indicate that all of the abnormalities so far described in the patches are compatible with a cell-autonomous requirement for Otx2.
Lack of Otx2 induces Mash1 expression
In the forebrain, the proneural genes Ngn1, Ngn2, and Mash1 are expressed in different pools of progenitors in which they are required for neuronal specification. In the dorsal telencephalon and thalamus, Ngns, in particular Ngn2, play a dual role, both being required to activate glutamatergic differentiation of early born neurons and to repress Mash1 expression and GABAergic fate (Fode et al., 2000; Schuurmans et al., 2004) . We therefore studied the expression of Mash1 and Ngn2 in the patches.
Robust expression of Mash1 was first detected in a relevant fraction of the Pax3/7 ϩ progenitors at E10.5 and, subsequently, maintained until late development ( Fig. 7A-C) . Importantly, most but not all of the Pax3/7 ϩ -Otx2 Ϫ progenitors exhibited Mash1 expression, thus suggesting that the total absence of glutamatergic neurons (Fig. 6) should primarily depend on the lack of Otx2 in all of the progenitors rather than on the activation of Mash1 in only a percentage of them. In this context, the activation of Pax3/7 in all of the Otx2 Ϫ progenitors strongly suggests that lack of glutamatergic fate may be the consequence of an early and general change in the identity of the mutant progenitors.
Next, we analyzed whether the activation of Mash1 correlated with the suppression of Ngn2. We found that, at E10.5, Ngn2 exhibited along the thalamic neuroepithelium of control and conditional mutant embryos the same expression pattern (Fig.  7 D, G and data not shown) . In particular, in correspondence of the patches, Ngn2 was detected in both Mash1 ϩ (Fig. 7D ) and Pax3/7 ϩ (Fig. 7G) progenitors but, subsequently, its expression was gradually reduced and totally lost at E16.5 (Fig. 7 E, F, H, I ). These findings suggest that, in the absence of Otx2, (1) Ngn2 expression is not affected until E12 and is subsequently lost, and (2) Ngn2 is not sufficient to repress Mash1. In this context, the gradual loss of Ngn2 expression may reflect GABAergic fate switch of Otx2 Ϫ progenitors.
Discussion
Otx2 controls identity and fate of glutamatergic progenitors in the thalamus
Otx genes are required for regionalization and patterning of the developing brain and, in particular, play a crucial role in the establishment of the identity and fate of progenitors located in the ventral midbrain (Puelles et al., , 2004 . As for other regulatory factors, Otx2 is expressed in different brain areas generating specific neuronal cell types. Therefore, understanding how the same protein controls identity and fate of different populations of progenitors may provide relevant insights into the mechanisms by which neuronal diversity is generated.
Here we studied the role of Otx2 in the thalamus to determine whether it is required for the differentiation of glutamatergic progenitors and the regulatory steps in which it is involved.
Our results indicate the following: (1) Otx2 is required for glutamatergic differentiation; (2) lack of Otx2 and GABAergic fate switch correlate with the activation of Mash1 in progenitors expressing Ngn2; (3) lack of Otx2 also correlates with the activation of a pretectal-like gene expression profile as revealed by the induction of Pax3, Pax7, and Lim1; and (4) Otx2 has a relevant role in the control of proliferation. Together, these findings indicate that, in the thalamus, Otx2 is a novel and crucial molecular determinant controlling identity, fate, and proliferation of glutamatergic progenitors.
Relevant data have been provided previously on the genetic functions controlling GABAergic and glutamatergic differentiation ( that, in the telencephalon and thalamus, Ngns, in particular Ngn2, are required to promote glutamatergic fate and to simultaneously repress Mash1 and GABAergic differentiation (Fode et al., 2000; Schuurmans et al., 2004) . Conversely, in the basal forebrain, Ngn2 is unable to repress Mash1 expression (Parras et al., 2002) . Our results show that, in early thalamic progenitors (E10.5) lacking Otx2, glutamatergic differentiation is abolished and Mash1 is de-repressed in a relevant subset of Otx2 Ϫ -Pax3/ 7 ϩ -Ngn2 ϩ progenitors, suggesting that Ngn2 is not sufficient to suppress Mash1 activation in an Otx2
Ϫ cellular context. Therefore, our findings together with those reported previously (Fode et al., 2000; Parras et al., 2002; Schuurmans et al., 2004) suggest that lack of Otx2 or Ngn2 in the thalamus generates in both cases Mash1 de-repression and GABAergic fate switch. Noteworthy, in the forebrain areas in which Otx2 and Ngns are coexpressed (e.g., dorsal telencephalon and thalamus), Mash1 transcription and GABAergic fate are repressed, whereas glutamatergic differentiation is activated; the opposite occurs in the areas in which only Otx2 (e.g., pretectum) or none of them (e.g., basal telencephalon and prethalamus) are transcribed. Our findings also reveal that, besides the GABAergic phenotype, Otx2
Ϫ thalamic cell patches exhibit additional similarities in gene expression profile with the pretectum but not with the prethalamus or the basal telencephalon. Indeed, they show expression of Pax3, Pax7, and Lim1 but never that of Dlx1 and Dlx5. Thus, although not conclusive, this observation suggests that lack of Otx2 in the thalamus is reflected in the generation of GABAergic neurons, which, on the basis of their gene expression profile, appear more similar to those of the pretectum than to those of the prethalamus or basal telencephalon.
However, although in the pretectum Otx2 is normally coexpressed with Pax3, Pax7, Lim1, and Mash1, our data suggest that, in the thalamus, Otx2 is required to repress these genes. A likely possibility reconciling this apparent contrast is that activating or repressing properties of Otx2 might depend on the territorial context in which it is expressed. In agreement with this, Otx2 plays different roles in different tissues during embryonic development (Acampora and Simeone, 1999; Acampora et al., 2001; Simeone et al., 2002) . In particular, Otx2 is required to control identity and fate of ventral progenitors generating dopaminergic neurons in the midbrain (Puelles et al., , 2004 Vernay et al., 2005; Prakash et al., 2006) . In this context, we have shown that Grg4 (groucho-related gene), also expressed in the ventral midbrain, may interact with both Otx1 and Otx2 proteins and convert them from activators to repressors (Puelles et al., 2004) . Thus, it is conceivable that Otx2 may convert its transcriptional properties (from activator to repressor and vice versa) by interacting with specific co-repressing or coactivating partner(s) expressed in restricted brain areas.
Here, we studied the role of Otx2 in the thalamus and have shown that its ablation generates the activation of Pax3, Pax7, Lim1, Mash1, and GABAergic fate switch, whereas none of the genes whose expression is affected by the lack of Otx2 in the ventral midbrain (Puelles et al., , 2004 ) is activated in the Otx2 Ϫ patches. In this context, our preliminary results aimed at detecting the role of Otx2 in the pretectal area, which generates GABAergic neurons and in which Otx2 is coexpressed with Pax3, Pax7, Lim1, and Mash1 (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material), show that severe reduction of Otx2 in this region results in an increase of GABAergic neurons, thus suggesting that Otx2 in the pretectum might represent a mild negative modulator of the GABAergic fate. Thus, our data and those reported previously indicate that, depending on the brain territory, Otx2 is required to control identity and fate of different regionally restricted pools of progenitors. In this context, a crucial issue to be addressed will be to dissect in vivo the molecular basis of this regionally restricted differential control exerted by Otx2.
Finally, because the Otx2 ϩ thalamic territory surrounding the Otx2 Ϫ patches develops normally and Shh expression at the zli is unaffected, it is likely that the abnormalities reported in this study reflect the lack of a cell-autonomous control by Otx2.
Otx2 controls proliferating activity of thalamic progenitors
An additional consequence of Otx2 inactivation is the generation of cell masses distributed within the mantle zone of the thalamus at late gestation. Analysis of proliferating activity indicates that the number of Otx2 Ϫ progenitors in S (BrdU ϩ ) and M (Ph-H3 ϩ ) phases is increased by approximately twofold when compared with the Otx2 ϩ progenitors of control embryos. This increase in proliferating activity is particularly evident between E12 and E14 but, at later stages, is less evident but reproducibly higher than in control embryos. In the patches, the ratio between Otx2 Ϫ dividing progenitors (Ph-H3 ϩ ) and those in S phase (BrdU ϩ ) is essentially unaltered, leading us to assume that the progression from S to M phase is unaffected and that size expansion of the patches would be attributable to altered postmitotic transition of Otx2 Ϫ progenitors. In this case, a higher proportion of Otx2 Ϫ progenitors should reenter the cell cycle and be responsible for local and vigorous overgrowth. Whether this impairment may be considered as a somatic pretumorigenic event remains to be clarified, but certainly the outcome of this strong hyperplasia may be dramatic. However, to our current knowledge, no proliferationsuppressing activity has been documented for Otx2 in humans, although a similar effect on proliferation has already been described in retinal progenitors of Otx1 Ϫ/Ϫ ; Otx2 ϩ/Ϫ doublemutant embryos (Martinez-Morales et al., 2001) .
However, it has been reported recently that Otx2 is a medulloblastoma oncogene (Boon et al., 2005; Di et al., 2005) . In this tumor, Otx2 is remarkably overexpressed, but, in the thalamus of this conditional mutant, the lack of Otx2 correlates with increased proliferation. This suggests that, depending on the expression level, Otx2 may have different roles in proliferation: its overexpression may result in a tumorigenic event, although its absence may be correlated to hyperplasia. Moreover, these findings suggest that altered proliferation may also be subject to the territory in which Otx2 expression is either lost or enhanced.
Future experiments designed to study the effect of both overexpression and ablation of Otx2 in specific cell types and at different stages should provide new insights on its role in cell proliferation in normal and pathological contexts.
